A new sensor containing MgFe2O4 nanoparticles in modified multiwall carbon nanotubes (MgFe2O4-MWCNTs) was prepared, and its electrochemical behavior was investigated. MgFe2O4-MWCNTs were used as a voltammetric sensor for the electrocatalytic determination of ciprofloxacin. The synthesized materials were characterized by different methods such as transmission electron microscopy (TEM), X-ray diffraction (XRD), cyclic voltammetry, and electrochemical impedance spectroscopy. The MgFe2O4-MWCNTs electrode showed an oxidation peak potential at around 250 mV. The immobilized composite films facilitate interfacial electron transfer and electrocatalytic activity on the oxidation of ciprofloxacin. The oxidation peak current was dependent on the ciprofloxacin concentration, which was linear over the range of 0.10 -1000 μmol L -1 with a detection limit and quantification limit of 0.01 and 0.08 μmol L -1 , respectively. The relative standard deviation for the determination of 1.0 μmol L -1 ciprofloxacin was 1.1%. The repeatability of the sensor was investigated by preparing nine similar electrodes. The proposed sensor is a selective and fast tool for the determination of ciprofloxacin in tablet, plasma, and urine samples.
Introduction
A study of direct electron transfer between active sites of electrode surfaces and redox species is of considerable research interest, and it can provide some important information on biological processes. Electrochemical methods of analysis have become one of the important methods in environmental monitoring, medicine, biotechnology, and industrial process control. 1 The use of bare electrode for such analysis has several limitations, such as lack of reproducibility and electrode fouling, sluggish electron transfer, high overpotential, and low selectivity and sensitivity. [2] [3] [4] Therefore, a modification of the electrode surface with suitable electrocatalyst compounds is an important objective in this field. The modification of bare electrodes is less prone to surface fouling and oxide formation compared to bare electrodes. 5 Different substances and methods have been used to modify electrodes. [5] [6] [7] [8] Recent research into developing new electrode materials is now focused on conductive polymers and nano-sized metal colloids. [7] [8] [9] [10] [11] [12] They behave as an ensemble of closely spaced, but isolated microelectrodes, and act as an electron relay, thus catalyzing the redox reactions.
Using a nanocomposite is one of the efficacious ways to improve the property of a catalyst. Carbon nanotubes (CNTs), owing to their excellent electrical conductivity and superior mechanical strength, have been widely used in composites with the hope of delivering CNT properties to a processable and synergistic host. 13, 14 The property of CNT-nanocomposite, such as a magnetic-CNT composite, 15 CNTs-metal nitride 16 on a tungsten carbide/carbon nanotube composite, 17 is much better than that of nanoparticles of the same materials.
Ciprofloxacin (CF) (1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(piperazinyl)quinolone-3-carboxylic acid) belongs to the quinolones, chemically related to nalidixic acid. This drug forms a group of antimicrobial agents with different chemical structures and spectra of activity. Almost all of the recent clinically useful quinolones bear a fluorine atom at the C-6 position, and thus these antibacterial agents are called fluoroquinolones. 18 The Food and Drug Administration (FDA) has approved it as one of the antibiotics for patients who have been exposed to an inhaled form of anthrax. In addition, the therapeutic importance of CF necessitates the development of sensitive and rapid methods for industrial quality control and clinical monitoring. 19 To date, numerous methods have been proposed for the analysis of CF using different analytical techniques, such as spectrophotometry, 20, 21 The subtle electronic behavior of nanotubes shows that they are able to mediate electron-transfer reactions of electroactive species in solution when they are used as a material to modify electrodes.
In this work, to develop a sensitive, selective, and fast method for the determination of CF at trace levels, multiwall carbon nanotubes (MWCNTs) were modified with MgFe2O4 nanoparticles in order to modify a glassy carbon electrode (GCE). This method is based on the different properties of the mediators plus nanoparticles, such as strong adsorptive ability, huge specific area, and subtle electronic properties. In addition, Mg and Fe have excellent electrocatalytic activity in the catalyst of reactions of organic materials based on their electronic arrangement. 42, 43 After optimization of the experimental variables, the proposed sensor was used for the determination of CF in tablet, plasma, and urine samples. This method was convenient and useful because of its high sensitivity and low detection limit. In addition, impedance spectroscopy was used to investigate the successful coating of MgFe2O4-MWCNTs at the surface of GCE.
Experimental

Apparatus
Electrochemical studies were carried out in a conventional three-electrode cell powered by an electrochemical system comprising an Autolab system (PGSTAT 12 and FRA2 boards, Eco Chemie B.V., Utrecht, The Netherlands). The system was run on a PC using GPES and FRA 4.9 software. For impedance measurements, a frequency range of 100 kHz to 1.0 Hz was employed. The AC voltage amplitude used was 5 mV, and the equilibrium time was 15 s. The MgFe2O4-MWCNTs modified GCE, a GCE and a saturated Ag/AgCl reference electrode were employed as working, auxiliary and reference electrodes, respectively.
Transmission electron microscopy (TEM) was performed with a Philips CH 200, LaB6-Cathode160 kV.
Chemicals
All of the chemicals were of analytical reagent grade, purchased from Merck (Darmstadt, Germany), unless otherwise stated. Deionized water of resistivity less than 18.0 MΩ at 25 C was used throughout.
Ciprofloxacin was purchased from Aldrich. Ciprofloxacin tablet (500 mg per tablet) was prepared as a real sample from ) with different pH values were used to study the pH influence.
MWCNTs was prepared from Aldrich with a diameter of 70 -110 nm, a length of 5 -9 μm and a purity of >90%.
Preparation of MWCNTs modified glassy carbon and MgFe2O4-MWCNTs modified glassy carbon electrodes
To activate MWCNTs and to remove any residual metals in the nano-structure, 1.00 g of MWCNTs plus 20 mL of 3.0 mol L -1 HNO3 were placed into a 25-mL flask, and then refluxed for 15 h. The MWCNTs were washed with water, centrifuged (3500 rpm) and dried at room temperature. Stable suspension of the activated MWCNTs was obtained by ultrasonicating MWCNTs in dimethyl formamide (0.10 mg MWCNTs per 5 mL). After a glassy carbon disk electrode (Metrohm) was further polished with 0.05 mm alumina powder on a polishing microcloth, it was cleaned in an ethanol/water solution (50% v/v) in an ultrasonic bath and rinsed thoroughly with doubly distilled water prior to modification. Then, 10 μL of a stable MWCNTs suspension was dropped onto the surface of the GCE, and it was dried in a hot air flow at 50 C. The modified GCE with carbon nanotubes layers was characterized by scanning electron microscopy, and then underwent energy dispersive X-ray (EDX) analysis. 44 An in-situ chemical citrate sol-gel method was developed to obtain a MgFe2O4-MWCNTs precursor. 45 First, 0.75 g of the activated MWCNTs was added into 10 mL of 1.0 mol L -1 citric acid. It was then ultrasonicated for 10 min. Afterward, this suspension was mixed with a 10-mL aqueous solution of 0.5 mol L -1 Mg(NO3)2·6H2O (analytical grade) and 1.0 mol L -1 Fe(NO3)3·9H2O, in which the Mg:Fe molar ratio was maintained at 1:2. Then, the pH of the mixture reached to 9.0 using a 0.10 mol L -1 ammonium hydroxide (NH4OH) solution. The mixture was stirred at 30 C for 48 h to complete the reaction. The produced mixture was dried in an oven at 100 C for 12 h. The produced substance was calcinated at 600 C for 2 h in an Ar-atmosphere.
The resulting powder was denoted as MgFe2O4-MWCNTs.
The structural, morphological, and magnetic properties of the nanocomposite were characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), and vibrating sample magnetometer (VSM). 45 After this, the preparation of a stable suspension of MgFe2O4-MWCNTs and modification of the electrode was repeated, as described in the previous section, using MgFe2O4-MWCNTs instead of MWCNTs.
Experimental procedure
Five millilitres of the buffer solution (pH 3.0) were transferred into an electrochemical cell using a three-electrode system containing the modified electrode as a working electrode. Then, the cyclic voltammogram (CV) was recorded in the potential range of 0.00 to 0.70 V with a scan rate of 100 mV s -1 . The peak current was measured and recorded as a blank signal (Ib). Once the background voltammogram was obtained, aliquots of the sample solution containing 5 mL of the buffer solution (pH 3.0) plus a sufficient amount of ciprofloxacin solution were introduced into the cell. The peak current was measured and recorded as a sample signal (Is). The difference in the current (Is -Ib) was considered to be a net signal (∆Ip) for each of the experiments. A calibration graph was prepared by plotting the net peak currents vs. ciprofloxacin concentrations.
Urine and blood plasma samples were centrifuged (3000 rpm) for 3 min to remove solid particles. Then, 1.0 mL of the sample solution plus 9.0 mL of 0.10 mol L -1 buffer (pH 3.0) were transferred into the cell in order to measure the ciprofloxacin contents using the standard addition method, as described above.
For tablet analysis, three tablets of ciprofloxacin (labelled 500 mg ciprofloxacin per tablet) were completely ground and homogenized. Then, 225 mg of the homogenized powder was accurately weighed and dissolved in 10 mL 0.1 mol L -1 alkaline water (equal to 0.05 mol L -1 ciprofloxacin) by sonication for 4 min. Finally, 10 μL of the solution plus 5 mL of the buffer (0.10 mol L -1 , pH 3.0) were transferred into the electrochemical cell. The analysis was carried out using the calibration curve method as described above.
High-performance liquid chromatography (HPLC) was used as a standard method to analyze the urine and plasma according to Ref. 35 . A column of Purospher C18e (250-4) mm, 5 μm (Merck, Darmstadt, Germany) with a guard column Purospher C18e (4-4) mm was used. The mobile phase was potassium hydrogen phosphate (0.05 mol L -1 , pH 2.5 adjusted with H3PO4) and acetonitrile 85:15 (v/v), isocratic mode, with a flow rate of 1.0 mL min -1 .
Results and Discussion
Morphology and structure
The characterizations of MWCNTs and MgFe2O4-MWCNTs film on the surface of GCE were investigated using TEM. Figure 1 shows that the MWCNTs and MgFe2O4-MWCNTs were distributed on the surface of the GCE electrode. The spaghetti-like MWCNTs and MgFe2O4-MWCNTs formed a porous structure. The entangled cross-linked fibrils offered a highly accessible surface area. As can be seen in Fig. 1 , the surface morphologies were different when MWCNTs were modified with MgFe2O4.
The XRD spectra of MgFe2O4-MWCNTs magnetic nanocomposite is shown in Fig. 2 
Study of the electrochemical behavior of MgFe2O4-MWCNTs film on the surface of GCE
The electrochemical properties of MgFe2O4-MWCNTs film on the surface of GCE were studied by cyclic voltammetry in a buffer solution (pH 7.0) at various scan rates (1 -100 mV s -1 ).
The experimental results showed that well-defined and reproducible anodic and cathodic peaks are related to the redox coupled with a quasi-reversible behavior, with a peak separation potential of 0.20 V (Epa -Epc). These cyclic voltammograms were used to examine the variation of the peak currents vs. potential scan rates. A plot of the anodic peaks current vs. square root of the scan rate (ν 1/2 ) was linear with a correlation coefficient of 0.0981 at all scan rates. This behavior indicates that the nature of the redox process is diffusion controlled.
Study of the electrochemical behavior of ciprofloxacin at MgFe2O4-MWCNTs film-GCE
The voltammetric responses of 100 μmol L -1 ciprofloxacin at the surface of GCE, at MWCNTs, at MgFe2O4, and at MgFe2O4-MWCNTs modified electrodes at pH 7.0 were recorded. Figure 3 (curves a1, a2, b1, and c1) shows the voltammetric responses of GCE, MWCNTs, MgFe2O4, and MgFe2O4-MWCNTs modified electrodes, respectively, in phosphate buffer (pH 7.0). Figure 3 (curves a3, a4, b2, c2) shows the voltammograms of GCE, MWCNTs, MgFe2O4, and MgFe2O4-MWCNTs modified electrodes, respectively, in a solution containing of ciprofloxacin in phosphate buffer (pH 7.0). The results confirm that the oxidation of ciprofloxacin on the surface of unmodified-GCE and at MWCNTs, (Fig. 3 , curves a3 and a4) has a high over-potential (1100 mV vs. Ag/AgCl). On the other hand, at the surface of a MgFe2O4 and MgFe2O4-MWCNTs modified electrode (Fig. 3, curves b2 and c2) showed increasing in the peaks current and decreasing on the oxidation peaks potential. Those observations confirmed the important role of MgFe2O4 as an electrocatalyst. In the presence of MgFe2O4 (Fig. 3, curves b2 and c2 ), Fe and Mg can electro-catalyze the oxidation of ciprofloxacin, and hence decrease the oxidation peak potential from 1100 to 250 mV. Moreover, with the MgFe2O4-MWCNT modified electrode, in addition to decreasing the overpotential of the oxidation potential of ciprofloxacin, the sensitivity (peak current) also increased because of activation of the surface of the modified electrode, which proved the catalytic role of metals in ciprofloxacin oxidation. 46 To compare the surface areas of GCE, MWCNTs, and MgFe2O4-MWCNTs modified electrode, microscopic areas of the same size of the electrodes were measured by cyclic voltammetry, using 1.0 mmol L -1 K3Fe(CN)6 as a probe at different scan rates. For a reversible process, the Randles-Sevcik formula was used:
where Ipa (A) refers to the anodic peak current, n is the electron transfer number, A (cm 2 ) the surface area of the electrode, D (cm , the microscopic areas of the electrodes were calculated from the slope of Ipa vs. ν 1/2 . Comparisons of the three slopes confirmed that the area of MWCNTs (Fig. 4 , slope of line b) and MgFe2O4-MWCNTs (Fig. 4 , slope of line c) was nearly 6-times greater than that of GCE (Fig. 4, slope of line a) .
Because of individual functional groups on the structure of ciprofloxacin, the effect of the pH on its oxidation behavior was studied. To find the optimum solution pH, the influence of the pH (between 2.0 to 10.0, using phosphate buffer) on a peak current of 10.0 μmol L -1 ciprofloxacin was studied. Our study showed that the sensitivity of the oxidation peak of ciprofloxacin in an acidic solution was better than that in a basic solution. When the solution pH was increased, it was observed that the peak potential shifted to a less positive value linearity (Ep(V) = -0.060pH + 1.308, r 2 = 0.9790) with a slope of 60 mV per pH. This observation showed that the oxidation of ciprofloxacin occurred by proton transfer. This slope suggests that the number of electrons transferred approximately equals that of the hydrogen ions taking part in the electrode reaction, and is equal to 2:2 (Scheme 1). 46 Finally, the alkaline solution was found not to be suitable for sensitive ciprofloxacin measurements; hence, a pH of 3.0 was chosen as the optimum pH value.
The effect of the scan rate on the peak current and a peak potential of 100.0 μmol L -1 ciprofloxacin at pH 3.0 at the MgFe2O4-MWCNTs modified electrode was investigated. The results showed that the anodic peak current increased linearly by 
Analytical performance
Using cyclic voltammetry and under the optimum conditions at pH 3.0, with a scan rate of 100 mV s -1 , the calibration plot of ciprofloxacin was linear over a concentration range of 0.1 -1000 μmol L -1 with a regression equation of I(μA) = 0.1850CCiprofloxacin + 8.007 (r 2 = 0.9962, n = 24) (Fig. 5) . Because the oxidation of ciprofloxacin depends the pH, the calibration curve was also studied at pH 7.0. At this pH, the calibration plot of ciprofloxacin determination was linear over a concentration range of 100 -4500 μmol L -1 with a regression equation of I(μA) = 0.065CCiprofloxacin + 7.272 (r 2 = 0.9903, n = 13). The detection limit, defined as the blank signal plus three-times its standard deviation, was 0.01 μmol L -1 ciprofloxacin, whereas the quantification limit was 0.08 μmol L -1 ciprofloxacin at pH 3.0. Table 1 shows a comparison of the proposed sensor with the reported electrochemical sensors for the determination of ciprofloxacin. The figures of merit showed that the proposed sensor has better sensitivity, and a wider linear dynamic range.
The ANOVA test method was used to check the repeatability and reproducibility, plus the stability of the modified electrode for the determination of 1.0 μmol L -1 ciprofloxacin on three electrodes and three different days. The results showed that Fcal (2, 6) between-treatment (= 0.99) was less than Ftab(2,6) (= 6.94, P = 0.05), meaning that there was no significant difference between the sensor responses during the measurements. Comparisons between-block and residual mean squares of the data give Fcal(2,6) = 0.43. The critical value of F being 6.94 (P = 0.05), showed that there are no significant differences on different days, confirming both the stability and repeatability of the sensor. The reproducibility of the sensor was investigated by preparing nine replicated measurements on one electrode. The relative standard deviation for determination of 1.0 μmol L -1 ciprofloxacin was 1.1%.
Interference study
Under the optimized experimental conditions described above, the effects of some ordinary compounds in biological media and drugs typically used with ciprofloxacin were investigated using 10.0 μmol L -1 ciprofloxacin. The tolerance limit was defined as the maximum concentration of the substances that caused an error of less than 3% in ciprofloxacin determination. Also no interference was found for 1000-fold of NO3 -, Ca 2+ , NH4 + , SO4 2- , CO3 2- , Br -, pantoprazole sodium sesquihydrate, cephalexin, leucine, arginine, valine, ranitidine, histidine, tryptophan, glycine, cysteine, glucose, starch, cysteic acid, citric acid, urea, uric acid, tartaric acid, ascorbic acid, vitamin B, and nor 100-fold of methylprednisolone, phenazopyridine, isobutyl phenyl propionic acid, captopril, potassium clavulanateaysel.
Analytical application
To evaluate the applicability of the proposed method, the recovery of ciprofloxacin was determined in tablet, plasma, and urine samples by spiking the samples with standard values of ciprofloxacin. The standard addition method was used for the analysis of ciprofloxacin in plasma and urine samples, because of their matrix, whereas for the tablet, the calibration curve was used. In addition, the HPLC method was used as a standard method to check the accuracy of the proposed method. Table 2 indicates that the results are in agreement with the HPLC method for the analytical determination of ciprofloxacin in real samples.
Conclusion
MgFe2O4 nanoparticles modified multiwall carbon nanotubes were prepared, and the electrochemical behaviors of the modified nanoparticles were investigated. The immobilized composite films facilitated interfacial electron transfer and its electrocatalytic activity. This activity helps us to prepare new electrochemical sensor materials for more sensitive and selective analysis.
The electrochemical results discussed above demonstrate the applicability of the electrochemical sensor for ciprofloxacin in different real samples, such as tablet, plasma, and urine samples. Electrochemical studies of the ciprofloxacin oxidation mechanism confirmed the contribution of two electrons and two protons to the oxidation process. It was also shown that the proposed method outperforms the other reported electrochemical methods in analyzing ciprofloxacin with a better sensitivity, longer linear dynamic range, and with a low experimental detection limit as low as 0.01 μmol L -1 .
